According to Bergey's Manual of Systematic Bacteriology, the Rickettsiales are '...bacteria with typical Gram-negative cell walls and no flagella'. The recently sequenced genome of 'Candidatus Midichloria mitochondrii', a divergent lineage within the order Rickettsiales capable of invading mitochondria in ixodid ticks, revealed the presence of 26 putative flagellar genes. Open questions in relation to this observation are whether these genes are expressed and whether they possess the domains expected for the flagellar function. Here we show that: (a) the putative flagellar proteins of 'Ca. M. mitochondrii' actually possess the conserved domains and structural features required for their function in a model bacterium; (b) the seven flagellar genes of 'Ca. M. mitochondrii' that have been tested are expressed at the RNA level; and (c) the putative flagellar cap gene of this bacterium (FliD) is expressed at the protein level, and can be stained within the bacterium and at its surface. Beside the specific questions that we have addressed that relate to the first evidence, to our knowledge, for a flagellar apparatus in a member of the order Rickettsiales, we present here novel tools (recombinant protein and antibodies) that will facilitate the study of 'Ca. M. mitochondrii'.
INTRODUCTION
'Candidatus Midichloria mitochondrii' is an intracellular bacterium belonging to the order Rickettsiales, found in the European sheep tick Ixodes ricinus (Sassera et al., 2006) . 'Ca. M. mitochondrii' is observed in the female reproductive tract (luminal cells, funicular cells and oocytes) of the tick host. Electron microscopy shows that these bacteria are present in both the cytosol and the mitochondria, in the space between the outer and inner membranes of these organelles Sacchi et al., 2004; Sassera et al., 2006) . The number of 'Ca. M. mitochondrii' observed within mitochondria is variable, ranging from 1 to over 20 in single thin sections. Mitochondria that harbour a high load of bacteria appear swollen, with a dramatic reduction of the matrix . Current data indicate that the prevalence of 'Ca. M. mitochondrii' in wild-collected I. ricinus females is 100 %, while in males it is lower (44 %, Sassera et al., 2006) .
The biology of 'Ca. M. mitochondrii' is still unexplored.
Major questions are open: is 'Ca. M. mitochondrii' beneficial to the host tick? How can the tick cope with destruction of mitochondria? How does the bacterium move among mitochondria? There are only hypotheses about possible roles of 'Ca. M. mitochondrii' in the host moulting, in haem detoxification and in conferring protection toward different types of pathogens/parasites (Pistone et al., 2011) . It is clear that specific tools for the study of this bacterium (e.g. antibodies for immunostaining and purification) would be of great help to address these issues.
A major step toward a better understanding of the biology of 'Ca. M. mitochondrii' derived from the sequencing of its genome ; GenBank accession no. for the 'Ca. M. mitochondrii' genome is NC_015722). Unexpectedly, IP: 54.70.40.11 On: Fri, 28 Dec 2018 07:15:07 26 genes were detected showing high homology with the bacterial genes that are normally involved in the synthesis of the flagellar apparatus. This discovery was unexpected in that no members of the order Rickettsiales had before been shown to possess flagella or even flagellar genes. The homology of the 26 putative flagellar genes of 'Ca. M. mitochondrii' was sufficient to generate alignments, and to lead the group to investigate their origin, which was shown to be ancestral (i.e. inherited from an ancestor of the Rickettsiales). There are however several open questions: do the putative flagellar proteins of 'Ca. M. mitochondrii' possess the structural domains of true flagellar proteins? Are they expressed at the RNA and protein levels? Could we obtain microscopic evidence for the expression of 'Ca. M. mitochondrii' flagellar proteins? Addressing the above questions is important for not only a better understanding of the biology of 'Ca. M. mitochondrii' but also establishing that the current generalization that the members of the order Rickettsiales do not possess flagella (or flagellar genes) is no longer valid (Dumler & Walker, 2005) .
This work reports (a) analysis of the structural features and domains of the 26 putative flagellar proteins of 'Ca. M. mitochondrii'; (b) RNA expression studies of seven flagellar genes; and (c) immunostaining of the protein coding for the flagellar cap FliD. In order to perform the work for the latter point, the expression of a recombinant protein of 'Ca. M. mitochondrii' and the generation of specific antibodies was required. We have thus addressed specific questions relating to the first evidence, to our knowledge, for a flagellar apparatus in a member of the order Rickettsiales, and we have also produced tools (recombinant protein and antibodies) that will facilitate the study of 'Ca. M. mitochondrii'.
METHODS
Overexpression and purification of the flagellar protein FliD. A DNA fragment coding for 325 aa of the flagellar protein FliD of 'Ca. M. mitochondrii' was amplified by PCR. The locations of the forward (59-ACTCGAGGATCCGATGTGCTAGCTAGAAG) and reverse (59-CGATCAAAGCTTTTACCGATTAAATAAAG) primers on the fliD full-length gene sequence available for 'Ca. M. mitochondrii' (GenBank accession no. NC_015722) are 1716-1733 and 2674-2691, respectively. These primers include restriction sites (underlined) at their 59-ends for ligation into the pQE30 expression vector (Qiagen), which are BamHI and HindIII, respectively. The reverse primer also includes a stop codon. The recombinant plasmid obtained after ligation was named FliDpQE30. The expected fusion protein includes FliD and nine additional amino acids encoded by the vector at the 59 end (MHHHHHHGS). The plasmid was amplified in Escherichia coli M15pRep4 and, after sequencing a sample of clones using ABI technology, a clone with the correct gene sequence was selected. E. coli M15pRep4 cells containing FliDpQE30 were grown at 37 uC in 50 ml Luria-Bertani (LB) medium containing ampicillin (100 mg ml 21 ) and kanamicin (25 mg ml 21 ) to OD 600 0.5 before induction of recombinant FliD expression by addition of 1 mM IPTG. Cells were harvested after 3 h by centrifugation at 4000 g for 20 min. Collected cells were disrupted by freeze-thawing and sonication, and recombinant FliD was collected as an insoluble aggregate by centrifugation at 10 000 g for 10 min. The recombinant FliD was solubilized in 0.1 M NaH 2 PO 4 , 0.01 M Tris/HCl, 6 M urea (pH 8.0) and was purified by using HPLC (Poros MC/M 2.1630 mm) using Cu 2+ as a ligand. The protein was then eluted in one step by adding 100 mM imidazole in solubilization/loading buffer. The molecular mass of the recombinant protein (rFliD) is 38 kDa.
Antibody production. Purified rFliD was used for the production of polyclonal antibodies in two rabbits (Primm). At the end of the immunization protocol, sera were collected and titred by ELISA. Sera specificity were tested by Western blot on a total extract of proteins of I. ricinus (which harbours 'Ca. M. mitochondrii') and Pholeoixodes hexagonus (which does not harbour 'Ca. M. mitochondrii') adult females under standard conditions (1 : 5000 of anti-rFliD; 1 : 2500 of secondary anti-rabbit antibody).
Sample collection. Six I. ricinus and two P. hexagonus semiengorged adult tick females were collected from goats and hedgehogs in Northern Italy. All ticks were identified by using standard taxonomic keys (Manilla, 1998) . Tick ovaries were extracted in sterile conditions and divided in four parts for: (i) DNA extraction to confirm 'Ca. M. mitochondrii' infection; (ii) transmission electron microscopy (TEM); (iii) immunogold staining; and (iv) indirect immunofluorescence assay for 'Ca. M. mitochondrii' detection and staining. In addition, two pools of 50 eggs from two wild-collected fully engorged females, two pools of five wild-collected larvae, two pools of five wild-collected nymphs and the ovaries from two semiengorged adult females of I. ricinus were processed for RNA extraction and cDNA synthesis to the determine the expression of seven flagellar genes (fliC, fliD, flgL, flgK, flgE, fliG, motA) in different tick developmental stages.
PCR for 'Ca. M. mitochondrii' detection. DNA was extracted using the DNeasy blood and tissue kit (Qiagen), eluted in 100 ml of sterile water, quantified by spectrophotometer and stored at 280 uC before using. For 'Ca. M. mitochondrii' detection, all samples were tested using a previously described PCR protocol .
TEM. The collected samples were fixed in 0.1 M cacodylate buffer (pH 7.2) containing 2.5 % glutaraldehyde for 12 h at 4 uC, washed in the same buffer and post-fixed in 1 % OsO 4 in the same buffer for 1.5 h at 4 uC. All samples were successively dehydrated in ethanol and embedded in Epon 812. The semi-thin sections (1 mm) for light microscopy were stained with 0.5 % toluidine blue; thin sections (80 nm) were stained with uranyl acetate and lead citrate and examined under a EM900 transmission electron microscope (Zeiss).
Indirect immunofluorescence assay. Samples were incubated at room temperature with MitoTracker Red CMXRos (Invitrogen) for 30 min, fixed in 4 % (w/v) paraformaldehyde in PBS for 20 min at 4 uC, permeabilized with 0.5 % (v/v) Triton X-100 (10 min at room temperature), and then washed three times in PBS. Ovaries were incubated with anti-rFliD at 1 : 5000 dilution for 1 h at 37 uC, washed three times in PBS and incubated at the same condition with antirabbit secondary antibodies conjugated with FITC (Sigma Aldrich) at 1 : 40 dilution plus 6 mM TOTO-3 for nucleus detection. Tissues were mounted with glycerol on glass slides. Observations were recorded with a Leica (LeicaTCSNT).
Immunogold staining. Samples were fixed by immersion in 4 % paraformaldehyde in PBS for 2 h at 4 uC and washed in PBS. Free aldehydes were blocked in 0.5 M NH 4 Cl in PBS for 45 min at 4 uC; samples were washed in PBS, dehydrated through graded concentrations of ethanol and embedded in LR White resin (Electron Microscopy Sciences) overnight at 4 uC. Resin samples were polymerized for 24 h at 60 uC. Ultrathin sections were placed on grids coated with a Formvar-carbon layer and then processed for Microbiology 158 Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11
On: Fri, 28 Dec 2018 07:15:07 immunocytochemistry. Ultrathin sections were floated for 3 min on normal goat serum (NGS) diluted 1 : 100 in PBS and then incubated overnight at 4 uC with anti-rFliD diluted with PBS containing 0.1 % BSA (Fluka) and 0.05 % Tween 20. After rinsing, sections were floated on NGS and then reacted for 20 min at room temperature with secondary 12 nm gold-conjugated antibodies (Jackson Laboratories.) diluted 1 : 20 in PBS. Finally, the sections were rinsed and air-dried. As controls, some grids were treated omitting the primary antibody from the incubation mixture and then processed as described earlier. The specimens were observed on a Philips Morgagni transmission electron microscope operating at 80 kV and equipped with a Megaview II camera for digital image acquisition.
RNA extraction, cDNA synthesis and expression of flagellar genes. RNA was extracted from different samples of I. ricinus using the mirVANA kit (Ambion). The samples were two pools of eggs, two pools of larvae, two pools of nymphs and the ovaries from two adult females. Samples were treated with DNase I RNase free (New England Biolabs) for DNA contamination removal and quantified by spectrophotometry; 500 ng each RNA was retrotranscribed to cDNA by using the QuantiTect Reverse Transcription kit (Qiagen). The amplification of 'Ca. M. mitochondrii' gyrB was performed as described by Sassera et al. (2008) to confirm the presence of the symbionts and the correct cDNA synthesis. Based on the available gene sequences, primers for the amplification of fragments of 'Ca. M. mitochondrii' fliC, fliD, flgL, flgK, flgE, motA and fliG genes were designed. Primers are given in Table 1 . The expression of these genes in different tick development stages was verified by qualitative PCR under standard conditions (250 nM primers concentration, 58 uC annealing temperature, 40 amplification cycles). The expression of the gyrB gene was used for sample normalization.
RESULTS AND DISCUSSION
The flagellar protein FliD of 'Ca. M. mitochondrii', i.e. the external flagellar cap, was chosen for production in recombinant form due to its variability (Beatson et al., 2006) , and thus for the expected specificity of the antiserum. Based on the available gene sequence, the expected molecular mass of 'Ca. M. mitochondrii' FliD was 100 kDa. We decided to produce a fragment of this protein, in recombinant form, as a fusion protein with a His tag useful for the successive purification from E. coli contaminant proteins. The molecular mass of rFliD is 38 kDa and the protein is produced in E. coli cells as inclusion bodies. After solubilization in 6 M urea buffer and purification by using a metal chelate column, rFliD was used for the immunization of rabbits for the production of polyclonal antibodies (anti-rFliD). Fig. 1 shows the specificity of anti-rFliD in Western blot analysis performed on total extracts of proteins from individual females of I. ricinus (harbours 'Ca. M. mitochondrii') and of P. hexagonus (does not harbour 'Ca. M. mitochondrii'); the recombinant protein was also loaded on the gel. Bands of the expected size were only observed for the I. ricinus extract and rFliD. We predict that the generated polyclonal rFliD antibodies will be useful for: (i) the specific staining of 'Ca. M. mitochondrii', avoiding cross-reaction with other micro-organisms that I. ricinus could harbour and (ii) investigating the presence of a flagellar structure.
The indirect immunofluorescence assay on adult I. ricinus ovaries using a polyclonal FITC-conjugated anti-rFliD antibody led to the observation of clusters of bacteria that were shown by MitoTracker staining to be associated with The presence of flagella in 'Ca. M. mitochondrii' mitochondria ( Fig. 2a) . These bacteria can thus be assumed to be 'Ca. M. mitochondrii'. No staining was observed in the ovaries of P. hexagonus, a tick closely related to I. ricinus that does not harbour 'Ca. M. mitochondrii' (Fig.  2b ). There are thus overall data that show that anti-rFliD antibodies specifically stained 'Ca. M. mitochondrii'. Moreover, anti-rFliD immunogold staining on I. ricinus ovaries revealed a specific pattern of colloidal gold deposit inside bacteria-like bodies and on the surface of these bacterial bodies (Fig. 3) . Standard TEM (i.e. without immunogold staining) did not lead to the observation of flagella (data not shown; see previous work, e.g. Sacchi et al., 2004) . This is not surprising considering that bacterial flagella in standard Epon inclusions can be expected to be twisted/coiled. Thin sections for TEM would thus reveal essentially transverse sections of the flagella, i.e. electron-dense spots of 10-20 nm, which would be difficult to identify as flagella.
Beside the expression of FliD at the protein level, we investigated the expression of this and a further six genes at the mRNA level. Reverse transcriptase PCR assays on these seven 'Ca. M. mitochondrii' flagellar genes (fliC, filament; fliD, filament cap; flgL and flgK, hook filament junction; flgE, hook; fliG, C ring; motA, motor) in eggs, larvae, nymphs and adults of I. ricinus revealed variable levels of expression. As shown in Fig. 4 , the seven analysed genes are co-expressed in eggs and adults, while larvae and nymphs present variable patterns of gene expression. The expression of seven out of 26 flagellar genes is obviously not enough to prove that the flagellum is assembled. However, the fact that genes that encode for proteins of the external part of the flagellum (FliD, FliC, FlgL, FlgK and FlgE) are co-expressed in the same tick stages (eggs and adults; see Fig. 4 ) is consistent with the production of a flagellar structure.
'Ca. M. mitochondrii' is the sole member in the order Rickettsiales that is so far described to possess a complete set of genes coding for a putative flagellar apparatus. We thus decided to perform an in silico analysis of the 26 predicted flagellar proteins of 'Ca. M. mitochondrii', in order to determine whether conserved structural domains are present. We tested the 26 proteins with two online prediction software programs, SledgeHMMER (Chukkapalli et al., 2004) and CDD search (Marchler-Bauer et al., 2011) using default parameters. We included in the analyses the homologous proteins from E. coli and Caulobacter crescentus, a flagellated alphaproteobacterium. This approach allowed us to compare the selected amino acid sequences with two databases, the PFAM and the NCBI Conserved Domain Database. All of the 26 putative 'Ca. M. mitochondrii' Crystal structures have been solved for major portions of the FliG and FliN proteins in E. coli (Brown et al., 2002; Park et al., 2006) . The structurally characterized part of FliG includes the C-terminal two-thirds of the protein and consists of two globular domains joined by an alpha-helix and a Gly-containing segment that is presumably flexible. The conserved charged residues that interact with the stator lie together on a ridge at the top of the FliG Cterminal domain. At the end of the domain opposite the charge ridge, FliG has a conserved surface hydrophobic patch that was shown to interact with FliM. The other domain of FliG in the crystal structure displays two conserved surface features, termed EHPQR motif and Gly-Gly motif, that also interact with FliM. The Gly-Gly motif is well conserved and just a few species have a single Gly and only certain species of the alphaproteobacteria (C. crescentus, Rhodopseudomonas palustrus and Magnestospirillum megnetotactium) have non-Gly residues in both positions (Brown et al., 2002) . Fig. 5 shows the alignment of the middle and C-terminal domain of FliG proteins of E. coli, 'Ca. M. mitochondrii' and C. crescentus. Residues that form the hydrophobic core of the two domains, residues important for motor rotation and the EHPQR motif, are conserved in all three sequences. In 'Ca. M. mitochondrii' and C. crescentus, the Gly-Gly motif is not conserved as described above. The structure of FliN is known for the Cterminal two-thirds of the protein. FliN interacts with FliG and FliM to form the rotor-mounted switch complex that controls clockwise-counterclockwise switching of the motor. In addition to its functions in motor rotation and switching, FliN is thought to have a role in the export of proteins that form the exterior structures of the flagellum (the rod, hook and filament). Fig. 6 shows the alignment of the C-terminal domain of FliN proteins of E. coli, 'Ca. M. mitochondrii' and C. crescentus. For this protein, the core of the domain and the surface hydrophobic patch are also conserved in the three sequences.
Whether 'Ca. M. mitochondrii' uses a flagellar apparatus for motility is yet to be determined. However, considering the conservation of the flagellar genes that we have analysed, their expression at the RNA and protein level and the evidence for their ancestral origin , we suggest that these genes have maintained their original function along the phylogenetic lineage leading to 'Ca. M. mitochondrii', and possibly in other lineages. We could thus also suggest that, in the future other members of the order Rickettsiales will be discovered to possess flagella/ flagellar genes, at least in the 'Ca. M. mitochondrii' lineage.
Considering other arthropod-associated intracellular bacteria, there are at least two cases where flagellar genes have been discovered: the symbiont of aphids, Buchnera aphidicola (Maezawa et al., 2006) , and the symbiont of tse-tse flies, Wigglesworthia spp. (Rio et al., 2012) . Both of these bacteria are related to flagellated, free-living and motile prokaryotes, and the discovery of the flagellar genes in their genome was not surprising, differently from 'Ca. M. mitochondrii' that belongs to the order Rickettsiales. In the case of Wigglesworthia glossinidia, there is evidence that flagellar genes are expressed at the RNA level (and at the protein level for one gene) during phases of the bacterial cycle in which motility is probably needed (Rio et al., 2012) . Our results for 'Ca. M. mitochondrii' are thus similar to those reported for W. glossinidia, in that levels of mRNA expression for the seven genes examined vary during the life cycle. It is reasonable to assume that intracellular bacteria such as 'Ca. M. mitochondrii' and W. glossinidia alternate trophic phases (in which flagella and motility are not required) with phases of the cycle in which a flagellar apparatus is used for motility or for other functions. This might explain the differences in the mRNA expression levels because in eggs and adults, the examined flagellar genes display a higher mRNA expression compared with larvae and nymphs. The adults that we examined were semi-engorged females close to the end of the blood meal. We could thus assume that during this phase, in which the oogenesis is about to complete, and then in the newly deposited eggs, the flagellar apparatus plays a function in 'Ca. M. mitochondrii' biology. In the case of B. aphidicola, the flagellar apparatus is thought to have a secretory function. Since nothing is currently known about how 'Ca. M. mitochondrii' is able to invade the mitochondria of I. ricinus cells, is it possible to speculate about a possible role of a flagellar structure in the invasion of tick mitochondria by 'Ca. M. mitochondrii'? Indeed, the flagellum has previously been indicated to be the means of interaction between bacterial symbionts (Shimoyama et al., 2009 ). Fig. 6 . Alignment of E. coli (EGT69941; Ec), 'Ca. M. mitochondrii' (AEI88718; Mm) and C. crescentus (ACL94418; Cc) FliN proteins. Blue, conserved surface hydrophobic patch; yellow, conserved residues of FliN core; yellow arrows, non-conserved residues of FliN core after comparison with E. coli. *, Identical; :, conserved substitution; ., semi-conserved substitution. Fig. 5 . Alignment of E. coli (AAB60186; Ec), 'Ca. M. mitochondrii' (AEI88716; Mm) and C. crescentus (ACL94416; Cc) FliG proteins. Blue, conserved EHPQ and GG motifs (see Results and Discussion); yellow, conserved residues of the cores of domains I and II; yellow arrows, non-conserved residues of domains I and II after comparison with E. coli; green, conserved residues, important for motor rotation. *, Identical; :, conserved substitution; ., semi-conserved substitution.
